Mutations in genes coding for cadherin 23 and protocadherin 15 cause deafness in both mice and humans. Here, we provide evidence that mutations at these two cadherin loci can interact to cause hearing loss in digenic heterozygotes of both species. Using a classical genetic approach, we generated mice that were heterozygous for both Cdh23 and Pcdh15 mutations on a uniform C57BL/6J background. Significant levels of hearing loss were detected in these mice when compared to age-matched single heterozygous animals or normal controls. Cytoarchitectural defects in the cochlea of digenic heterozygotes, including degeneration of the stereocilia and a base-apex loss of hair cells and spiral ganglion cells, were consistent with the observed age-related hearing loss of these mice beginning with the high frequencies. In humans, we also have obtained evidence for a digenic inheritance of a USH1 phenotype in three unrelated families with mutations in CDH23 and PCDH15. Altogether, our data indicate that CDH23 and PCDH15 play an essential long-term role in maintaining the normal organization of the stereocilia bundle.
INTRODUCTION
Mutations in cadherin 23 (CDH23 ) and protocadherin 15 (PCDH15 ) are the causes of Usher syndrome types 1D and 1F, respectively, as well as certain forms of non-syndromic deafness (1 -5) . Both USH1D and USH1F map to human chromosome 10q21 -q22 within a 15 cM interval. The murine orthologs are located 10 cM apart on chromosome 10 and mutant forms of these genes give rise to the homozygous waltzer (Cdh23 ) and Ames waltzer (Pcdh15 ) phenotypes, respectively. Both mutant homozygotes have similar phenotypes. They exhibit deafness, vestibular dysfunction and disorganized, splayed stereocilia (6 -9) . Interestingly, recent evidence demonstrates that a strain-specific Cdh23 dimorphism is likely responsible for the modifier of deaf waddler (mdfw) and age-related hearing loss locus (ahl) phenotypes (10, 11) . Thus, Cdh23 may be an important gene that may be involved not only in certain forms of congenital deafness but also in age-related hearing loss and has the potential to genetically interact with other deafness genes to affect hearing. Both Cadherin 23 and protocadherin 15 belong to the cadherin super gene family that also includes classical cadherins, atypical cadherins, desmocollins, desmogleins and Flamingo cadherins (12) . Cadherins support calcium-dependent cell -cell adhesion mainly through the formation of homophilic interaction (13) . Such cell contacts are essential for compaction and cellular rearrangement during development and in adult (14) . Cadherin 23 and protocadherin 15 share with the atypical cadherins, or cadherin-like proteins, homology in the extracellular domains and presumably mediate similar functions involving cell -cell or cellextracellular matrix interactions. Given the functional, histologic and genetic similarities of pathogenic mutations at the cadherin 23 and protocadherin 15 genes, we sought to determine whether digenic interaction could be demonstrated between the two cadherin genes.
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RESULTS

Progressive hearing loss in double heterozygous
Both the Cdh23 v-2J and the Pcdh15 av-3J mutations occurred in colonies of C57BL/6J mice, and all of the genotype combinations tested were on this uniform strain background. Mice doubly heterozygous for these linked genes, Cdh23
, and single heterozygotes, þ/Cdh23 v-2J and þ/Pcdh15
av-3J
, were tested for auditory-evoked brainstem response (ABR) thresholds in response to broadband click and to 8, 16 , and 32 kHz pure-tone stimuli, according to previously established criteria (15) . As shown in Figure 1A , by 6-7 months of age, the double heterozygous Cdh23 v-2J þ/þ Pcdh15 av-3J mice had significantly elevated ABR thresholds compared with single heterozygous þ/Cdh23 v-2J or þ/ Pcdh15 av-3J mice. Of the 33 double heterozygotes tested at this age, 30 exhibited thresholds exceeding the normal range for mice according to the criteria (15) , whereas none of the five þ/ Cdh23 v-2J and only one of the 12 þ/Pcdh15 av-3J single heterozygotes tested exhibited above normal thresholds. The observed average threshold shifts for double heterozygotes ranged from 15 to 40 dB sound pressure level (SPL) above those of single heterozygotes, depending on the auditory stimulus, and were greatest at the highest frequencies tested (16 and 32 kHz).
To evaluate hearing loss progression, seven double heterozygotes and two þ/Pcdh15 av-3J single heterozygotes were repeatedly tested for ABR thresholds at 22, 89, 153 and 175 days of age (Fig. 1B) . At 22 days of age, there were no differences in ABR thresholds between single and double heterozygotes for any of the test stimuli, but by 153 days of age, the double heterozygotes had significantly elevated thresholds, especially for the 16 and 32 kHz stimuli (þ30 dB). Thus, double heterozygous mice exhibit a progressive and preferential loss of high-frequency hearing with onset at about five months of age. These findings demonstrate that an interaction between Cdh23 v-2J and Pcdh15 av-3J results in a progressive hearing loss in mice that are heterozygous for pathologic mutations at both loci. ) and double heterozygotes (Cdh23
Stereocilia of hair cells are degenerated in
) with those of a single homozygous mutant mouse (Pcdh15
) by light microscopy (LM) and by scanning electron microscopy (SEM). Examinations of cross-sections through three basoapical regions of the cochlea of double heterozygous mice at 6 months of age revealed mid-basal (basal turn of mid-modiolar section) and extreme basal (the basal hook) loss of hair cells. Cochleae of Cdh23 v-2J þ/þ Pcdh15 av-3J double heterozygotes also exhibited loss of spiral ganglion cells (SGC) that was apparent in the mid-basal turn and more pronounced in the extreme base ( Fig. 2B and D) . SGC loss in these regions was confirmed by SGC density measurements performed as previously described (11) ( Table 1 ). Cochlear degeneration in double heterozygous mice seemed to be specific to the hair cells and appeared not to affect the supporting cells of the organ of Corti.
All other cochlear structures, including Reissner's membrane and stria vascularis, appeared normal in double heterozygous mice. Analysis of the organ of Corti by SEM of the double heterozygous mice showed degenerated outer hair-cell stereocilia in contrast to the well-organized pattern and rigid structure observed in single heterozygotes and wild-type littermates. Inner hair-cell stereocilia of the double heterozygous mice also exhibit a degenerated appearance, but to a lesser degree than that observed in the outer hair cells (Fig. 3A -C) . There is no evidence of hair-cell degeneration in the mid-apex (apical turn of mid-modiolar section, but below the apex) of the organ of Corti of the double heterozygous mice at 6 months of age (Fig. 2B) , also there was no difference in SGC density in double heterozygous mice when compared with the age-matched single heterozygous animals ( Table 1 ). In the cochlea, hair cells display region specificity and frequency selectivity. Along the longitudinal axis of the organ of Corti, ciliary bundles of hair cells have a gradation in length and their electrical properties also vary. Thus, there is an apicalto-basal gradient of sensitivity toward low to high frequencies of sound (16, 17) . Given these region-specific properties, defects detected in hair cells of 6-month-old double heterozygous mice correlate with the observation that double heterozygotes exhibit high-frequency hearing loss at that age.
Eye phenotype
We examined the eyes of double heterozygous mice because mutations of the homologous genes in humans, CDH23 and PCDH15, cause progressive retinitis pigmentosa (RP), a characteristic of Usher syndrome. The eyes of the double heterozygous mice appear clinically normal on gross examination, having a normal fundus with thin retinal vessels at 7 months of age. The amplitude and implicit time of both the rod-and cone-mediated electroretinograms (ERGs) were comparable between double heterozygous Cdh23 v-2J þ/þ Pcdh15 av-3J and single heterozygous littermates (Fig. 4) . We found no evidence of anatomic defects in retinas of double heterozygous mice by histological examination (data not shown). Our findings are consistent with previous studies that have shown that retinal abnormalities associated with Usher syndrome are not present in homozygous mouse mutants defective for myosin VIIa (shaker-1), cadherin 23 (waltzer), protocadherin 15 (Ames walzer), usher 1g (jackson shaker) and usher 1c (deaf circler) (7,18 -20) . Although myosin VIIa, harmonin, cadherin 23 and protocadherin 15 are expressed in photoreceptor cells in both species (5, 21) , differences in the pattern of expression of the proteins in the retina in mice and humans may explain the absence of ocular defect in the mutant mice. Detailed characterization of the temporal and spatial expression pattern of human and mouse USH1 proteins will be needed to evaluate this possibility. It is also possible that the retinal disorder does not progress to detectable levels owing to the short life span of the mouse compared with humans. Finally, absence of retinal pathology in mouse models for USH1 may reflect interspecies differences in the functional requirements for these proteins or functional redundancy with other proteins in the retina or differences in other genetic, stochastic and environmental factors such as light exposure. Elucidation of the causes of this dissimilarity
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should shed light on the molecular or cellular pathways for potential interventions to prevent or delay RP in USH1.
Evidence for interaction between CDH23 and PCDH15 in USH1 patients
Patients with USH1 are congenitally deaf, have vestibular dysfunction and generally develop RP in the first decade of life (22) . In the present study, we carried out mutation screening for CDH23 and PCDH15 in 76 USH1 probands.
In three simplex probands (4%), we found evidence for digenic inheritance of USH phenotype involving CDH23 and PCDH15. The patient in family 1121 from the UK (Fig. 5A ) is a 36-year-old white male who presented with congenital profound deafness and had vestibular dysfunction. RP was diagnosed with ERG from childhood. The patient in (Fig. 5A) , the deaf proband was found to be heterozygous for 5601delAAC, a mutation in exon 33 of PCDH15 resulting in a deletion of a threonine residue at codon 1867, and for 193delC, a previously reported mutation of CDH23 in patients with USH1D (23). The PCDH15 cytoplasmic domain contains two proline-rich stretches that are conserved in evolution, which strongly imply that these domains are of functional significance for the proteins. Proline-rich sequences are among the most abundant motifs in eukaryotics cells and play a pivotal role in many signaling pathways (24) . They mediate the assembly of molecular complexes by interacting with different domains contained in various proteins (25) . The 5601delAAC mutation is located downstream of the proline-rich sequences of the PCDH15 protein and may, therefore, affect those functions. The 193delC mutation of CDH23 consists of a deletion of a single C in a CCCCC string in exon 3 located in the first extracellular repeat domain, which causes a frameshift at codon 65 and a stop codon 48 amino acids downstream. As the resulting truncated protein lacks 96% of the predicted coding sequence, residual function is unlikely. Genotyping revealed that the mother was heterozygous for 5601delAAC of PCDH15, the father was heterozygous for 193delC of CDH23 and the normal hearing brother was homozygous for the wild-type alleles of both genes (Fig. 5A) .
In family 239, the deaf proband was heterozygous for a 16delT mutation in exon 2 of PCDH15 and for a C!T transition at nucleotide 9565 of codon 3189 (R3189W) of CDH23 (data not shown). The normal hearing brother of the patient was found to be heterozygous only for the 16delT mutation in PCDH15. The PCDH15 16delT mutation causes a frameshift leading to an altered amino sequence from codon 6, followed by a premature stop at codon11 in the predicted signal peptide sequence of PCDH15. The CDH23 cytoplasmic region contains two pdz-binding interfaces (PBI) domains, sequence motifs that are known to mediate protein-protein interactions: an internal domain with homology to a PBI in the adaptor protein Ril and a PBI at the C-terminal fitting the consensus for class I PBIs (26) . The CDH23 R3189 codon located within the internal PBI and is conserved in evolution across species. The R3189W mutation in the cytoplasmic region of CDH23 protein might, therefore, affect the protein-protein interaction function of the protein rather than intercellular adhesion.
In family 1677 (data not shown), the deaf proband was heterozygous for 5601delAAC in PCDH15 and homozygous for an A!G transition at nucleotide position 3625 of CDH23 resulting in the substitution of a threonine for an alanine at codon 1209 (T1209A) of CDH23. This mutation has previously been identified in the homozygous state in patients with USH1D. It is located within a linker region between extracellular repeat domains 11 and 12 (23) . Previous studies have shown that homozygous splicing variants, nonsense, frameshift mutations of CDH23 lead to typical USH1D (1,2,23,27), whereas homozygosity for missense mutations cause a form of non-syndromic deafness (DFNB12) or atypical USH (2, 23) . It is possible that the more severe USH phenotype found in the patient in family 1677 is due to a modifier effect of the PCDH15 5601delAAC mutation. The mutations identified in the present study are believed to be pathological, first, because of their location in functionally important and evolutionarily conserved domains and, secondly, because the changes were not observed in 100 unrelated control subjects.
DISCUSSION
In the present study, we show that mice doubly heterozygous for Cdh23 v-2J and Pcdh15 av-3J mutations exhibit deafness and abnormal stereocilia in outer and inner hair cells of the organ of Corti by 5 months of age, whereas single heterozygotes lack this pathology. Within the cochlea, Cdh23 and Pcdh15 are expressed in the inner and outer hair cells (6, 7) . In agreement with their expression pattern, we observed hair-cell specific defects in Cdh23 v-2J þ/þ Pcdh15 av-3J double heterozygous mice. Ultrastructural studies have revealed four types of stereocilia links including tip links, top links, shaft or lateral links and ankle links (28) . They are thought to provide cohesiveness to the stereocilia bundle. Ankle links are present in mouse hair-cell stereocilia up to postnatal day 12 and then begin to disappear and are completely absent in adult mice (5). Cadherin 23 was first reported to be undetectable in stereocilia of mice older than postnatal day 30 (29) , raising the possibility that it may be important for the development of stereocilia bundle and may have a role in the formation and maintenance of some transient links, such as ankle links, but not in the long-term maintenance of stereocilia bundle morphology. However, recent studies have indicated that CDH23 was still expressed in mature cochlear hair cells, even when hair cells have lost their kinocilium (30, 31) . It was suggested that its role in adult hair cells might be to form kinocilia links and tip links, which transmit force to mechanically gated ion channels. Protocadherin 15 is expressed in the stereocilia of developing mammalian hair cells and persists in adult hair cells along the length of stereocilia, indicating that it might be important for the long-term maintenance of lateral links between stereocilia (5). The prominent role of cadherins is in mediated cell-cell interactions (14) . Thus, homophilic interaction of CDH23 and PCDH15 proteins might form links that interconnect stereocilia within a bundle. Both proteins could also engage in heterophilic interactions. Previous studies have suggested that interactions among the USH1-proteins myosin VIIa, harmonin, cadherin 23 and SANS may play a fundamental role in differentiation of the actin bundle in stereocilia (29, 32) . A failure of this process leads to stereocilia disorganization, as observed in mouse models (7, (18) (19) (20) , and is thought to be responsible for profound congenital deafness in patients with Usher syndrome (33) . In the present studies, abnormal links between stereocilia could account for the stereocilia defect seen in double heterozygous mice. Loss of Cdh23 and Pcdh15 functions in heterozygous mice is progressive with aging, which indicates a crucial role for these proteins in the long-term maintenance of lateral connections between stereocilia. Genetic fine mapping suggests that the mouse waltzer mutation (Cdh23 v ) is allelic with mdfw (10). We previously shown that Cdh23 v might also be allelic to the ahl (11). Recent evidence demonstrates that a strain-specific dimorphism of Cdh23 likely underlies the mdfw and ahl phenotypes (10) . Furthermore, it is known that in mouse, age-related hearing loss is subject to strain-specific effects. We have reported that the C57BL6/J background on which Cdh23 v-2J and Pcdh15
av-3J
mutations are carried is susceptible to age-related hearing loss (11) . Mice heterozygous for a presumed null allele of cdh23 (cdh23 v ) were shown by others to have low-and high-frequency hearing loss at 5-6 weeks of age, the highfrequency component of which worsens with increasing age (30) . However, the hearing loss in these Cdh23 v heterozygotes was dependent upon genetic background. In the present study, we clearly show that the hearing loss in Cdh23 v-2J þ/þ Pcdh15 av-3J double heterozygous mice is due to a genetic interaction between Cdh23 v-2J and Pcdh15 av-3J rather than genetic background effects, because all mice tested were on a uniform C57BL/6J background. The observed genetic interaction might be a consequence of functional redundancy, as suggested by the following lines of evidence. First, both Cdh23-and Pcdh15-encoded proteins might be involved in lateral connections between stereocilia, because of their potential to participate in homophilic interactivity. Second, the phenotypic abnormalities of double heterozygotes are detected only in structures where both proteins are expressed. Finally, when defective, both proteins produce similar phenotypes.
The cytoplasmic domains of protocadherins, but not classical cadherins, are highly variable and contain various cytoplasmic sequences. It is, therefore, quite reasonable to assume that the protocadherins may have a variety of heterophilic interaction activities. The Cdh23 v-2J mutation of the mice examined in the present study truncates 14 extracellular cadherin repeats, the putative transmembrane domain and the cytoplasmic tail. Although the truncated protein could leads to the truncation of the cytoplasmic domain. As the mutant proteins in Cdh23 v-2J and Pcdh15 av-3J lack the C-terminal domains, mediation of the assembly via their tail domains is likely compromised. Our data together indicate that the genes encoding cadherin 23 and protocadherin 15 genetically interact to affect the long-term maintenance of the proper organization of the sterocilia bundle. However, we cannot exclude the possibility that they may have some role in their morphogenesis.
Here, we have provided evidence for hearing loss caused by an interaction of cadherin 23 and protocadherin 15 mutations in digenic heterozygotes in both mice and humans. However, the phenotypic outcome of the digenic heterozygotes is different in both species: patients with USH1 are congenitally deaf, whereas mice doubly heterozygous for Cdh23 v-2J and Pcdh15 av-3J have a progressive age-related hearing loss. It has previously been reported that the severity of phenotype in USH1D patients varies widely for the same mutation in the human population, even among members of the same family (2, 23) . This suggests that genetic background may be an important determinant in the extent of the pathology. Different genetic backgrounds could, therefore, be a possible explanation for the difference seen between humans and mice. Elucidation of the causes of this dissimilarity should advance our understanding of the underlying etiology of USH. mutants. All animal procedures were approved by the Institutional Animal Care and Use Committee.
MATERIALS AND METHODS
Mice
Genotyping
Genomic DNA was amplified by polymerase chain reaction (PCR) and sequenced. Genotyping for the Pcdh15 av-3J mutation was as previously described (7) . PCR primers for the 
Assessment of hearing by ABR
ABRs were conducted as previously described (15) . Briefly, mice are anesthetized and their body temperature is kept at 37 -388C by placing them on a heating pad in the soundproof chamber during testing. Subdermal needle electrodes are inserted at the vertex (active) and ventrolaterally to the right ear (reference) and the left ear (ground). Specific auditory stimuli (broadband click and pure-tone pips of 8, 16 and 32 kHz) from high-frequency transducers are delivered binaurally through plastic tubes to the ears canals. Evoked brainstem responses are amplified and averaged and their wave patterns display on a computer screen. Auditory threshold are obtained for each stimulus by variant the SPL at 10 dB steps and finally at 5 dB step up and down to identify the lowest level at which an ABR pattern can be recognized.
Inner ear morphology
Inner ear morphology was examined by LM and SEM. Anesthetized mice were perfused through the left ventricle of the heart with phosphate-buffered saline followed by Bouin's fixative. For microscopic analysis of cross-sections, inner ears from double heterozygote mutant and single heterozygote control mice were dissected, perfused with Bouin's fixative, immersed in same for 24-48 h, decalcified with Cal-EX solution for 6 h and embedded in paraffin. Sections (7 mm) were cut, mounted on glass slides and counterstained in hematoxylin/eosin. For SEM analysis, inner ears from double heterozygous mutant mice and from single heterozygotes and wild-type controls were dissected and fixed in 2.5% glutaraldehyde, 0.25% tannic acid in 0.1 M phosphate buffer (pH 7.2) for 5 h at 48C. The temporal bone surrounding the cochlea and the tectorial membrane were removed to expose the organ of Corti. An osmium tetroxide -thiocarbohydrazide procedure was used to stain prior to dehydrating and critical-point drying. Specimens were sputter coated with gold and examined at 15 kV under a Hitachi 3000N SEM.
Phenotypic evaluation of eyes
All mice had pupils dilated with 1% atropine ophthalmic drops and were evaluated by indirect ophthalmoscopy with a 78 diopter lens. Signs of retinal degeneration, such as vessel attenuation, alterations in the RPE, and presence or absence of retinal dots were noted. Methods for ERG and histological and electron microscopy of eyes were as previously described (20) .
Mutation screening of CDH23 and PCDH15
The clinical and family history was obtained on each proband and complete physical examinations including audiological and ophthalmologic examinations were performed. Patients were identified as having Usher type I according to the criteria recommended by the Usher Syndrome Consortium (34) . Approval for human subjects for this study was obtained from institutional review board at University of Miami. Informed consent was obtained for all participants. CDH23 is composed of 69 exons with a coding region of 10 062 bp. PCR amplification of CDH23 exons was performed using slightly modified versions of the primers previously reported (1) . PCDH15 has 33 exons with a coding region of 5865 bp. Screening of the 33 exons of PCDH15 was performed using the previously described primers (3) with some modifications. PCR was performed in a 12.5 ml reaction with 40 ng of genomic DNA, 10 pmol of each primer, 200 mM dNTPs, 1.5 mM MgCl 2 and 1 U of Taq DNA polymerase. The amplification conditions consist of 958C for 5 min, then 30 cycles of 958C for 1 min, 608C for 1 min and 728C for 1 min, with final extension for 5 min at 728C. Samples were sequenced in both the forward and reverse directions on an automated sequencer (ABI-PRISM, model 3100).
